Frontotemporal lobar degeneration with ubiquitinpositive inclusions (FTLD-U) is a common neuropathological subtype of frontotemporal dementia. Although this subtype of frontotemporal dementia is defined by the presence of ubiquitin-positive but tauand ␣-synuclein-negative inclusions , it is unclear whether all cases of FTLD-U have the same underlying pathogenesis. Examination of tissue sections from FTLD-U brains stained with anti-ubiquitin antibodies revealed heterogeneity in the morphological characteristics of pathological inclusions among subsets of cases. Three types of FTLD-U were delineated based on morphology and distribution of ubiquitin-positive inclusions. To address the hypothesis that FTLD-U is pathologically heterogeneous , novel monoclonal antibodies (mAbs) were generated by immunization of mice with high molecular mass (M r > 250 kd) insoluble material prepared by biochemical fractionation of FTLD-U brains. Novel mAbs were identified that immunolabeled all of the ubiquitin-positive inclusions in one subset of FTLD-U cases , whereas other mAbs stained the ubiquitin-positive inclusions in a second subset of cases. These novel mAbs did not stain inclusions in other neurodegenerative disorders , including tauopathies and ␣-synucleinopathies. Therefore , ubiquitin immunohistochemistry and the immunostaining properties of the novel mAbs generated here suggest that FTLD-U is pathologically heterogeneous. Identification of the disease proteins recognized by these mAbs will further advance understanding of molecular substrates of FTLD-U neurodegenerative pathways.
Frontotemporal lobar degeneration with ubiquitinpositive inclusions (FTLD-U) is a common neuropathological subtype of frontotemporal dementia. Although this subtype of frontotemporal dementia is defined by the presence of ubiquitin-positive but tauand ␣-synuclein-negative inclusions , it is unclear whether all cases of FTLD-U have the same underlying pathogenesis. Examination of tissue sections from FTLD-U brains stained with anti-ubiquitin antibodies revealed heterogeneity in the morphological characteristics of pathological inclusions among subsets of cases. Three types of FTLD-U were delineated based on morphology and distribution of ubiquitin-positive inclusions. To address the hypothesis that FTLD-U is pathologically heterogeneous , novel monoclonal antibodies (mAbs) were generated by immunization of mice with high molecular mass (M r > 250 kd) insoluble material prepared by biochemical fractionation of FTLD-U brains. Novel mAbs were identified that immunolabeled all of the ubiquitin-positive inclusions in one subset of FTLD-U cases , whereas other mAbs stained the ubiquitin-positive inclusions in a second subset of cases. These novel mAbs did not stain inclusions in other neurodegenerative disorders , including tauopathies and ␣-synucleinopathies. Therefore , ubiquitin immunohistochemistry and the immunostaining properties of the novel mAbs generated here suggest that FTLD-U is pathologically he- Frontotemporal dementia (FTD) is the second most common cause of neurodegenerative dementia in those under the age of 65, after Alzheimer's disease (AD). 1, 2 Clinical presentations of FTD include several behavioral variants of FTD, in which patients experience profound changes in personality and social function, as well as language disorders of expression and comprehension, known as progressive aphasia and semantic dementia, respectively. 3 Motor manifestations, including signs and symptoms of motor neuron disease (MND) or parkinsonism, also occur with FTD. 4, 5 The diagnostic gold standard for FTD remains neuropathological examination of the brain. Grossly, the brains of FTD patients are characterized predominantly by circumscribed atrophy of the frontal and temporal lobes, hence the pathological designation frontotemporal lobar degeneration (FTLD), and neuronal loss and gliosis are apparent on microscopic examination of affected regions.
Immunohistochemistry reveals the presence of abnormal proteinaceous inclusion bodies in some of the remaining neurons in affected areas of most FTD brains. Pathological categories of FTD defined by immunohistochemistry include cases without detectable inclusions (ie, dementia lacking distinctive histology), cases with tau-positive inclusions as exemplified by Pick's disease (PiD), corticobasal degeneration, progressive supranuclear palsy, and neurofibrillary tangle dementia, cases with neurofilament-positive inclusions (neuronal intermediate filament inclusion disease), and cases with ubiquitin-positive, tau and ␣-synuclein-negative inclusions, known as FTLD with ubiquitin-positive inclusions, or FTLD-U. 6 Recent studies suggest that FTLD-U is the most common neuropathological subtype of FTD. 8 -12 Although most FTLD-U cases are sporadic, several families exhibiting autosomal dominant inheritance patterns of FTLD-U neuropathology have been linked to chromosomes 9 and 17. [13] [14] [15] [16] [17] No genetic mutations on chromosomes 9 and 17 responsible for the disease in these families, however, have been found to date, and the molecular pathogenesis underlying FTLD-U remains unknown. In the present study, examination of ubiquitinimmunostained sections from 36 postmortem-confirmed FTLD-U cases was performed to gain insights into the pathological basis of FTLD-U. Three patterns of FTLD-U pathology were delineated based on the morphological characteristics and cortical distribution of ubiquitin-positive inclusions in these cases. To test the hypothesis that FTLD-U is pathologically heterogeneous, novel monoclonal antibodies (mAbs) were generated using immunogens consisting of high molecular mass (M r Ͼ 250 kd) insoluble material from cortical gray matter of two FTLD-U cases with different patterns of ubiquitin-positive pathology. The selective staining of pathological inclusions by these novel mAbs in subsets of FTLD-U cases corresponded to different patterns of ubiquitin-positive pathology, thereby suggesting that there may be multiple pathways of neurodegeneration leading to FTLD-U.
Materials and Methods

Brain Tissue Collection and Neuropathological Assessment
Frozen brain tissues and fixed, paraffin-embedded tissue blocks were obtained from the Center for Neurodegenerative Disease Research brain bank at the University of Pennsylvania School of Medicine, Philadelphia, PA, and from the Center for Neuropathology and Prion Research brain bank at the University of Munich, Munich, Germany. Diagnostic assessment of frontotemporal lobar degeneration with ubiquitin-positive inclusions (FTLD-U), PiD, AD, dementia with Lewy bodies (DLB), and neuropathologically normal (NL) cases was performed by a trained neuropathologist in accordance with published guidelines. 6, 18, 19 Although there are no formal consensus criteria for the diagnosis of FTLD-U, cases were pathologically diagnosed as FTLD-U when the predominant neuropathological abnormalities were the presence of ubiquitin-positive but tau-and ␣-synuclein-negative inclusions as well as neuronal loss and gliosis in the frontal and temporal cortices, based on the recommendations of the "Work Group on Frontotemporal Dementia and Pick's Disease." 6 
Antibodies
Anti-ubiquitin antibodies used in this study included the mouse monoclonal antibody (mAb) 1510 (Chemicon, Temecula, CA), a rabbit polyclonal anti-ubiquitin antibody (DAKO, Carpinteria, CA), and Ub1B4, a mouse mAb raised against a synthetic peptide corresponding to amino acid residues 26 to 54 of human ubiquitin. mAbs 26, 132, 137, 164, 244, and 471 are novel mAbs generated as described below. Rabbit polyclonal anti-tau antibody 17025 made against human recombinant tau and rabbit polyclonal anti-␣-synuclein antibody (SNL-1) made against a peptide corresponding to residues 104 to 119 in human ␣-synuclein were also used.
20,21
Immunohistochemical Staining
The harvesting, fixation, and further processing of the tissue specimens used in this study were conducted as previously described. 22, 23 Briefly, tissue blocks from frontal cortex, temporal cortex, hippocampus, and striatum of FTLD-U brains were fixed with either 70% ethanol in 150 mmol/L NaCl or phosphate-buffered 3.65% formaldehyde and infiltrated with paraffin. Immunohistochemistry was performed using the avidin-biotin complex detection system (Vector Laboratories, Burlingame, CA) and 3,3Ј-diaminobenzidine as described. 22 Briefly, sections were deparaffinized and rehydrated, endogenous peroxidases were quenched with 5% H 2 O 2 in methanol for 30 minutes, and sections were blocked in 0.1 mol/L Tris with 2% fetal bovine serum (Tris/fetal bovine serum) for 5 minutes. Primary antibodies were incubated either for 1 to 2 hours at 37°C or overnight at 4°C. After washing, sections were sequentially incubated with biotinylated secondary antibodies for 1 hour and avidin-biotin complex for 1 hour. Bound antibody complexes were visualized by incubating sections in a solution containing 100 mmol/L Tris, pH 7.6, 0.1% Triton X-100, 1.4 mmol/L diaminobenzidine, 10 mmol/L imidazole, and 8.8 mmol/L H 2 O 2 . Sections were then lightly counterstained with hematoxylin, dehydrated, and coverslipped. Double-labeling immunofluorescence analyses were performed as previously described 24 using Alexa Fluor 488-and 594-conjugated secondary antibodies (Molecular Probes, Eugene, OR) and coverslipped with Vectashield-DAPI mounting medium (Vector Laboratories).
Sequential Biochemical Fractionation
Gray matter from FTLD-U postmortem cortex was dissected and weighed. Tissue was homogenized in 5 ml/g low-salt (LS) buffer (10 mmol/L Tris, pH 7.5, 5 mmol/L ethylenediaminetetraacetic acid, 1 mmol/L di-thiothreitol, 10% sucrose, and a cocktail of protease inhibitors) and sedimented at 25,000 ϫ g for 30 minutes at 4°C. Supernatants were saved as the LS fraction, and pellets were washed by re-extraction in LS buffer and sedimentation. Resulting pellets were subjected to two sequential extractions in 5 ml/g Triton-X (TX) buffer (LS ϩ 1% Triton X-100 ϩ 0.5 mol/L NaCl) and sedimented at 180,000 ϫ g for 30 minutes at 4°C. Supernatants from the first of these TX buffer extractions were saved as the TX fraction. An additional step with homogenization in TX buffer containing 30% sucrose followed by centrifugation was performed after the TX buffer extractions to float and remove myelin. Pellets were then homogenized in 5 ml/g sarkosyl (SARK) buffer (LS ϩ 1% N-lauroyl-sarcosine ϩ 0.5 mol/L NaCl) and incubated at 22°C on a shaker for 1 hour before sedimentation at 180,000 ϫ g for 30 minutes at 22°C. Supernatants were saved as the SARK fraction. Remaining pellets were extracted in either 1 ml/g sodium dodecyl sulfate (SDS) buffer (2% SDS, 50 mmol/L Tris, pH 7.6, and a cocktail of protease inhib- 30 mmol/L Tris-HCl, pH 8.5) before centrifugation at 25,000 ϫ g for 30 minutes at 22°C. Supernatants were saved as the SDS and urea fractions, respectively. SDS sample buffer (10 mmol/L Tris, pH 6.8, 1 mmol/L ethylenediaminetetraacetic acid, 40 mmol/L dithiothreitol, 1% SDS, and 10% sucrose) was added to samples followed by heating at 100°C for 5 minutes, with the exception of the urea fraction, which was not heated to avoid carbamoylation of proteins.
Generation of Novel mAbs
Murine mAbs 26, 132, 137, 164, 244, and 471 were raised using high M r (Ͼ250 kd) material from the urea fraction (prepared as described above) of FTLD-U brain (frontal cortex of case 11 for mAbs 26, 132, 164, and 244; frontal cortex of case 17 for mAbs 137 and 471) as immunogen. The urea fraction (100 to 150 g protein/mouse) was separated by 5 to 20% gradient SDS-polyacrylamide gel electrophoresis, and the portion of the gel containing proteins with M r Ͼ 250 kd (including the stacking gel; Supplementary Figure 1 , see http://ajp.amjpathol.org) was minced, homogenized in phosphate-buffered saline, emulsified with incomplete Freund's adjuvant, and injected subcutaneously into BALB/c mice. Immunogens prepared similarly from the urea fraction (except using 25 to 50 g protein/mouse) were used for subcutaneous boost injections on days 21, 35, and 49, followed by intraperitoneal injection of immunogens without adjuvant on day 63. On day 66, the spleen was removed and spleen lymphocytes were fused to Sp2 myeloma cells to produce hybridomas. Resulting hybridoma supernatants were screened by immunohistochemistry on paraffin-embedded sections of FTLD-U cortex known to contain ubiquitin-positive inclusions. All of the mAbs that immunostained FTLD-U inclusions were determined to be of the IgM class using standard light and heavy chain antibody subtype analysis.
Results
Ubiquitin Immunohistochemistry Suggests Pathological Heterogeneity Among FTLD-U Cases
Tissue sections of hippocampus, frontal cortex, temporal cortex, and striatum from each of 36 FTLD-U cases (Table 1) were stained with an anti-ubiquitin antibody (mAb 1510) and examined by light microscopy. All of the FTLD-U cases demonstrated ubiquitin-positive, tau-and ␣-synuclein-negative inclusions, especially in the dentate gyrus and frontotemporal cortical regions. Closer examination of cortical sections, however, revealed heterogeneity in the morphology and laminar distribution of neuronal ubiquitin-positive inclusions among the FTLD-U cases ( Figure 1 and Supplementary Figure 2 ; see http:// ajp.amjpathol.org). Three patterns of inclusion pathology could be defined based on ubiquitin immunohistochemistry as follows: 1) type 1 (cases 1 thru 11, Table 1 ), cases with a relative abundance of ubiquitin-positive pathology in superficial cortical layers ( Figure 1A ) and a predominance of long neuritic profiles over cytoplasmic inclusions ( Figure 1B Table 1 ), cases with a predominance of ubiquitin-positive pathology in superficial cortical layers ( Figure 1E ) and an abundance of cytoplasmic inclusions that were often ring-shaped, short neuritic profiles, and ubiquitin-positive dots in the gray matter ( Figure 1F and Supplementary Figure 2 , E and F; see http://ajp. amjpathol.org). Thus, ubiquitin immunohistochemistry of cortical sections suggests that FTLD-U is pathologically heterogeneous. Of note, most type 2 cases had a positive family history of dementia or MND but without known linkage to reported familial FTD genetic loci (Table 1) .
Novel mAbs Demonstrate the Existence of Distinct Patterns of Inclusion Pathology Among FTLD-U Cases
Therefore, for each of the three FTLD-U types, high M r material from the urea fraction of FTLD-U cortical gray matter was used as an immunogen, and hybridoma supernatants were screened by immunohistochemistry for their ability to stain pathological inclusions in ethanol-and formalinfixed, paraffin-embedded tissue sections from the same case used as an immunogen. For some fusions, frozen sections were used for the immunohistochemical screening as well. Briefly, for type 1, 12 fusions were conducted from the spleens of 18 mice immunized using high M r insoluble material from case 11 and ϳ37,000 hybridoma supernatants were screened, resulting in the generation of 14 mAbs that detected the inclusions in case 11 by immunohistochemistry. Likewise, for type 2, two fusions were conducted from the spleens of four mice immunized with material from case 17, and screening of ϳ5000 hybridoma supernatants resulted in seven mAbs that detected inclusions in case 17. Despite screening ϳ10,000 hybridoma supernatants generated from seven fusions using the spleens of 11 mice immunized with high M r insoluble material from an FTLD-U type 3 case, no mAbs that detected inclusions in type 3 cases were identified.
Four of the mAbs generated from case 11 (mAbs 26, 132, 164, and 244) and two of the mAbs generated from case 17 (mAbs 137 and 471) were further characterized for their ability to stain inclusions in a panel of 36 FTLD-U cases (Table 1) . Tissue sections from each FTLD-U case were stained with an anti-ubiquitin antibody (mAb 1510 or DAKO anti-Ub) and with mAbs 26, 132, 164, 244, 137, and 471. Sections of frontal cortex and hippocampus were examined from all of the FTLD-U cases with all of the mAbs, whereas temporal cortex and striatum were additionally examined in some of the cases for confirmation of the results. Although ubiquitin-positive inclusions were present in all 36 FTLD-U cases examined, the mAbs 26, 132, 164, and 244 stained all of the pathological inclusions only in 11 of 36 of the FTLD-U cases (cases 1 thru 11, Table 1 ), which correspond to the cases categorized Frontotemporal degeneration with ubiquitin-positive inclusion (FTLD-U) cases used in this study are numbered in the left-most column. Indicated is the ability of mAbs 26/132/164, 244, and 137/471 to immunohistochemically stain pathological inclusions in the FTLD-U cases. Sections of frontal cortex and hippocampus were examined from all of the FTLD-U cases with all of the mAbs, and temporal cortex and striatum were additionally examined in some of the cases for confirmation of the results. Disease duration and age are given in years. M, male; F, female; FH, family history; NR, not recorded.
*Cases that exhibited MND in addition to dementia. † Cases in which the mAbs detected only a small percentage of the ubiquitin-positive inclusions. ‡ Two or more first degree relatives with dementia or MND. § One first degree relative or two or more second degree relatives with dementia or MND.
as type 1 by ubiquitin immunohistochemistry. In FTLD-U type 1 cases, mAbs 26, 132, 164, and 244 immunolabeled cytoplasmic inclusions in the dentate gyrus ( Figure  2A ) as well as cytoplasmic and neuritic inclusions in the cortex ( Figure 2C ) and striatum ( Figure 2D) ; rare intranuclear inclusions in small neurons of the striatum were also seen ( Figure 2E ). No inclusions were labeled by mAbs 26, 132, and 164 in the remaining 25 FTLD-U cases belonging to types 2 and 3, but mAb 244 stained a small subset of the ubiquitin-positive inclusions in dentate granule cells of the hippocampus (Ͻ25%) and in cortical neurons (Ͻ5%) of four type 2 cases (cases 12 thru 15, Table 1 ); mAb 244 stained none of the ubiquitin-positive inclusions present in frontal cortex, temporal cortex, hip- pocampus, and striatum of the remaining 21 FTLD-U cases examined (cases 16 thru 36, Table 1 ). The mAbs 137 and 471 stained the ubiquitin-positive pathological inclusions in all six FTLD-U type 2 cases (cases 12 thru 17), and additionally stained a small subset of inclusions in case 11, which belonged to type 1 (Table 1 ). In FTLD-U type 2 cases, mAbs 137 and 471 labeled cytoplasmic inclusions in the dentate gyrus ( Figure 2G ), cortex ( Figure  2H ), and striatum ( Figure 2I) , and rare intranuclear inclusions were also seen ( Figure 2J ). None of the novel mAbs generated stained the ubiquitin-positive inclusions in cases demonstrating type 3 pathology (Figure 2 , K-M).
Novel mAbs Specifically Detect UbiquitinPositive Inclusions in FTLD-U but Not Inclusions in Other Neurodegenerative Disorders
Double-labeling immunofluorescence experiments on FTLD-U tissue sections were performed to verify that the novel mAbs detect the same pathological structures immunolabeled by anti-ubiquitin antibodies (Figure 3, A-F) .
In FTLD-U type 1 cases, cytoplasmic and neuritic inclusions in the frontotemporal cortices (data not shown) as well as cytoplasmic inclusions in hippocampal dentate granule cells (Figure 3 , A-C) were double-labeled by mAb 132 and a rabbit anti-ubiquitin antibody. Similarly, in FTLD-U type 2 cases, immunofluorescent staining of cytoplasmic inclusions in hippocampal dentate granule cells and in frontotemporal cortices revealed co-localization of mAb 471 staining with ubiquitin immunostaining (Figure 3 , D-F; and data not shown). Furthermore, to determine the specificity of the novel mAbs for FTLD-U inclusions, double-labeling immunofluorescence experiments were performed using tissue sections from other neurodegenerative disorders that exhibit pathological protein inclusions, including DLB, AD, and PiD. Although Lewy bodies in DLB were labeled with an anti-␣-synuclein antibody, no labeling of these inclusions was seen using any of the novel mAbs (Figure 3 , G-J; and data not shown). Each of the novel mAbs also failed to label neurofibrillary tangles, neuropil threads, dystrophic neurites, and senile plaques in AD (Figure 3 In addition, the specificity of mAbs 26, 132, 137, 164, 244, and 471 was confirmed in conventional immunohistochemistry experiments using adjacent sections stained with an anti-ubiquitin antibody. None of the novel mAbs immunolabeled ubiquitin-positive inclusions in other neurodegenerative diseases, including AD, PiD, DLB, and multiple system atrophy, nor did the mAbs stain any structures resembling inclusions in neuropathologically normal brains (data not shown).
Discussion
FTLD-U, a form of frontotemporal lobar degeneration characterized by the presence of ubiquitin-positive but tau-and ␣-synuclein-negative inclusions, appears to be the most common pathological subgroup of FTD, ranging from 26 to 62% in various series of neuropathologically confirmed FTLD cases. 8 -12 The purpose of the present study was to gain more insights into the pathological basis of FTLD-U. Examination of ubiquitin-immunolabeled sections from a panel of 36 FTLD-U cases allowed delineation of these cases into three patterns of pathology. To test the hypothesis that these varying patterns of ubiquitin-positive pathology in FTLD-U cases represent pathological heterogeneity, novel mAbs that detect FTLD-U inclusions were generated by immunizing mice with insoluble high M r material derived from FTLD-U cortical gray matter. Although the mAbs demonstrated some overlap in staining of pathological inclusions among the cases in FTLD-U types 1 and 2, the mAbs generated from case 11 (26, 132, 164 , and 244) predominantly stained pathological inclusions in FTLD-U cases with type 1 pathology, whereas the mAbs generated from case 17 (137 and 471) more predominantly stained inclusions in type 2 FTLD-U cases. The existence of cases in which all of the inclusions were stained by mAbs from case 11 (26, 132, 164 , and 244) but none of the mAbs from case 17 (137 and 471), and vice versa, in addition to the fact that none of the pathological inclusions in FTLD-U cases with type 3 pathology were detected by any of the novel mAbs, indicates that FTLD-U is pathologically heterogeneous. The selective staining by these novel mAbs of pathological inclusions in subsets of FTLD-U cases, all of which exhibit ubiquitin-positive pathology, as well as failure of the mAbs to detect free ubiquitin and ubiquitinated proteins by immunoblot, indicates that the mAbs are not anti-ubiquitin antibodies (Supplementary Figure 3, see http://ajp.amjpathol.org). These mAbs do not stain ubiquitin-positive inclusions in other neurodegenerative disorders, including AD, DLB, and PiD, further reinforcing that these antibodies are not recognizing ubiquitin and that they demonstrate specificity for FTLD-U pathology.
The molecular basis of the pathological heterogeneity among FTLD-U cases is unclear. One possibility is that each of the FTLD-U types is characterized by inclusions with a distinct protein composition. Alternatively, the pathological inclusions in all FTLD-U cases may be composed of the same protein building block, with the variation among types reflecting differences in the structural properties of the protein within the inclusions. Such structural variation may represent different stages of inclusion formation and/or may be the result of different posttranslational modifications occurring in the three FTLD-U types. There was some overlap in staining characteristics in a few type 1 and 2 cases, raising the possibility that inclusions in FTLD-U types 1 and 2 share a common protein component, although this is speculative.
The ubiquitin-positive inclusions now regarded to be characteristic of FTLD-U were first identified in patients with clinical and pathological MND, and FTLD-U is commonly referred to as FTLD with MND-type inclusions or MND-inclusion dementia. 6, 25 Okamoto and colleagues 26 -28 first described the presence of ubiquitinpositive tau-negative intraneuronal inclusions in the dentate gyrus and cortex of several MND patients, and subsequently, ubiquitin-positive inclusions were described in the brains of patients with both FTD and MND, as well as in patients who suffered from FTD but without any clinical or pathological signs of MND. These findings of pathological overlap suggest that FTLD-U and MND may be part of a clinicopathological spectrum in which the same molecular pathogenesis occurs in different populations of neurons (ie, frontal and temporal cortical neurons in FTD, motor neurons in MND) to cause different clinical presentations. The existence of families with ubiquitin-positive inclusions in which first-degree relatives have presented with FTD, MND, or both FTD and MND, lends support to this concept. 29 Recent studies have closely examined the ubiquitinpositive pathology of FTLD-U, FTLD-U with MND, and MND, and have demonstrated pathological heterogeneity as well as overlap among these three disease entities. A previous report suggested that the morphological characteristics of neuronal inclusions in the dentate gyrus may help in differentiating FTLD-U (described as having Pick body-like, or crescentic/ring-shaped inclusions) from FTLD-U with MND (described as having granular inclusions). 30 Although the number of cases with MND is limited in the present cohort (three cases from type 2 and seven cases from type 3), the dentate gyrus inclusions immunostained by ubiquitin and novel mAbs (type 2 cases) in the cases with MND did not appear significantly different from the inclusions in cases without MND. Another recent report suggested that FTLD-U, FTLD-U with MND, and MND represent a clinicopathological spectrum, based on the degree of overlap seen in these entities by ubiquitin immunohistochemistry, with the only finding restricted to a subset of patients being the presence of neuronal intranuclear inclusions in some familial FTLD-U cases. 31 In the present study, extremely rare neuronal intranuclear inclusions were observed in several sporadic FTLD-U cases, suggesting that intranuclear pathology is not a specific marker for familial FTLD-U.
Familial forms of FTD with genetic linkage and in which FTLD-U is the underlying pathology have been recently reported, and identification of specific mutations in these families may provide insights into the pathogenesis of FTLD-U. Several reports have suggested linkage for autosomal dominantly inherited FTLD-U to a region within chromosome 17q21-22 in some of these families. 14 -17 Although this is the same chromosomal region in which the tau gene is located, no tau mutations have been found in any of these families, and patients from these families have not been found to have tauopathy on neuropathological examination. [15] [16] [17] To date, no genetic mutation responsible for FTLD-U in these chromosome 17-linked families has been found. Three genetic loci on chromosome 9 have also been linked to familial forms of FTD. Families linked to chromosome 9p13.3-p12 have been reported to exhibit autosomal dominant inheritance of a unique disorder that clinically presents with a variable combination of FTD, Paget disease of bone, and myopathy, 32 and responsible mutations have been identified in the gene that encodes valosin-containing protein (VCP). 33 Neuropathological examination of one patient with a VCP mutation has revealed the presence of ubiquitin-positive intranuclear inclusions, with an absence of cytoplasmic inclusions, suggesting that cases with VCP mutations may represent an atypical form of FTLD with ubiquitin-positive inclusions. 34 Two distinct loci on chromosome 9 (9q21-22 and 9p13.2-21.3) have been linked to autosomal dominantly inherited disease in families in which patients develop both FTD and MND. 13, 35 Genetic mutations on chromosome 9 have not yet been identified in these families, but neuropathological examination of patients with linkage to 9p13.2-21.3 has revealed the presence ubiquitin-positive tau-negative inclusions. 13 Of note, most type 2 cases in the current study had a family history positive for dementia or MND, although the significance of this is unclear.
In summary, this study demonstrates that FTLD-U is a pathologically heterogeneous entity. Ubiquitin immunohistochemistry allowed categorization of FTLD-U into three types based on the morphology and cortical distribution of ubiquitin-positive inclusions. Novel mAbs, generated by immunization of mice with insoluble high M r material from FTLD-U cortical gray matter, selectively immunostained inclusions in subsets of FTLD-U cases, providing further objective evidence for pathological heterogeneity in FTLD-U. Additional studies are required to determine the basis for this pathological variation in FTLD-U as well as the precise molecular nature of pathological lesions in FTLD-U, which may be clarified using the novel mAbs developed here as probes in protein biochemical approaches currently underway.
Note Added in Proof
Since the submission of this article, mutations in the PRGN gene-encoding progranulin were shown to be pathogenic for familial FTLD-U. 36, 37 However, progranulin is not found in the ubiquitin inclusions of FTLD-U syndromes caused by PRGN mutations, so the disease protein in the inclusion of FTLD-U remains to be indentified.
